Phase anarysis oj boron in steel has been made to establish a practical method Jor the determination oj the content oj "effective boron", i.e., boron which is effective in improving the hardmability oj steel, yielding the Jollowing results:
Introduction
An addition of a small amount of boron to steel has been known to remarkably improve the hardenability of steeP) R ece ntly, it has become a wellknown practice for high strength steels. It has been considered highly desirable, therefore, to develop a reli able method for the d e termin ation of " effective boron ", i. e., boron which i effective in improving the hardenability of steel. Owing to the diffic ulties in extracting the fine boron preci pitates from steel and in determining very small amount of boron, howeve r, no method has been found avai lable for this purpose. In the field of phase analysis of boron in steel, several studies have been repo rted recently. Frey, et Ol.2) heated a steel sample in wet hydroge n stream to 954°C, a nd found after 150 hr of h eating that th e boron content in the sample becam e constant. They called this boron content " in effective boron ". Yamada 3 ) confirmed by similar experiments that the " in effective boron" content agreed well with the boron content d etermined in the residue of a bromine-methyl-acetate dissolution. Wakam atsu 4 ) d eveloped an electrolytic extraction m ethod with a n eutra l NaCI-EDTA solution, examined the extracted residue by X-ray diffraction analysis to id entify such compound s as Fe23(B, C)G, BN, a nd F e3B06, a nd de termin ed each qua ntity by treating the residue wi th various acids. I hii , et al. 5 ) d etermined the amount of m e tallic boron by d educting the boron content in the residu e of the electrolytic extrac tion in the elec trolyte (n eutra l in pH ), from the total boron content determined by em is ion spec troscopic analysis after the complete dis oluti on of steel samples. Abe, et al. G) confirm ed that, in emi ssion sp ectroscopic analysis, th e in ten si ty of the boron spectrum, after a certain discharging time, correponded to the amount of the effective boron content. Kammori , et aU) de te rmin ed th e quantity of boronnitride, BN, in the ex traction residu e of steel by infrared spectroscopic analysis.
In th e present stud y, a ph ase a nalysis of " effective boron " in stee l has been developed on th e basis of the chemical b ehavior of boron compounds during di ssolution a nd on the basi of the id entification of thcse b oron compo unds by X-ray diffraction a nalys is.
II. Experimental

Reagents
1) Acids: sulfuri c acid (1 + 6), l1ltnc acid (1 + 8), hydrofluori c acid (5%), mixed acid (9 parts of phosphori c ac id + 1 part of sulfuri c acid )
2) E lectrolyte: 50 g of sodium-citrate, 12 g of potassium-bromide and 6 g of pota ium-iodid e were dissolved into water and diluted to I 000 mI.
3) F erri c-phosphate so lu tion: 50 g of boronfree pure iron was disso lved into 600 ml of phosphori c acid ( 1+ 1) by heating. Aftcr cooled to room temperature, the soluti on was dropwise added with hydrogen peroxide (30 %) until iron was comp letely oxidized to Fe (III ). Then the soluti on was boiled to decompose excess hydrogen-peroxid e, cooled and diluted to 1 000 ml. 4) Iodine-methanol soluti on: 14% (w /v) 5) M ethylene blue solution (10 -3 M ) : 0. 374 g of m e thyle ne blue was dis olved into watet' and dilutcd to 1 000 mI. 6) 1.2-dichloroethane 7) Boron stand a rd soluti on: 0. 5 72g of bori c acid was di ssolved into water a nd diluted to I 000 ml (0. 1 mg B /ml). This stand a rd solution was diluted a ppropriately before u e. 8 
Specimens
The chemical composition a nd the heat-treatment of specim ens exam ined are shown in Table I .
III. D eterminat ion of Micro A mount of Boron
Boron content in steel has hitherto been determined by a photom etri c measurement 8 ) of methylene blue boron-fluoride com plex extracted with dichloroethane a nd rinsed with water. This method, however, involves a number of shortcomings arising from the water rinsing process incorporated to remove, for reducing bl a nk value, the m ethylene blue h ydroflu ori c acid com plex th at is extracted together with the metylene blue boron-fluoride compl ex: th e loss of som e porti on of the boron-fluoride complex is often observed , making the calibration curve distorted a nd h ence resulting in the experimenta l data flu ctuating under various cond itions.
In the present stud y an improved method is developed to decomposing the specimen with strong phosphori c acid followed by extracting and photometric determining of methylene blue boron-fluoride without water rinsing. Details of the method a re given below.
Analysis oj I he Tota! B oron Content
0.5 g of the sample was transferred to a 100 m! qu artz beaker, add ed with 10m! o f the mixed acid , then heated a nd digested gent ly until no further dissolution was apparent a nd the oxidation of iron was o bserved to begin. Then the so lution was hea ted on a hot plate for 10 to 12 min until dense white fumes a ppear (temperature of the solution was approximately 280° to 300°C). The solution was coo led, a nd a dded with 40 m! of water. The syrupy solution was carefull y heated to di ssolve . After cooling, the solution was transferred into a 100 ml volumetric fl ask made of polyethylene, diluted to the vo lum e, a nd mixed. A 20.0 m! aliquot of the solution was transferred into a 100 m! polyethylene separating funnel. Th e solution was ad d ed with 5 m! of h ydrofluori c acid (5%), mixed, and the mixture was let stand for about 30 min at room tempera ture. The solution was add ed with 10 m! of ferri c-phosph ate solution and 20 m! of water, and mixed. 5.0 m! of Transactions ISIJ, Vol. 16, 1976 ( 539 ) methylene blue solution was add ed, followed immediately with 25.0 m! of dichloroethane. The contents were mixed for 1 min and let stand for 5 min. The organic phase was filtered through a No. 5A filter and the filtrate was received in a 50 mt flask.
The absorbance of th e organic phase was measured at a wavelength of a pproximately 655 nm against dichloroethane. The total boron content was determined from the absorbance using a calibration curve.
D etermination oj the Content oj Insoluble Boron
The filter with the residue which was extracted by th e various dissolution methods was placed in a 100 m! quartz beaker, added with 10 ml of the mixed acid and I g of potassium-dichromate and heated gently until the filte r was completely dissolved. The soluti on was heated, to decompose the residue, on a hot plate for 10 to 12 min until dense white fum es appear. Afterwards, the content of the extracted insoluble boron was determined by the method mentioned in III. 1.
The Advantage oj the Present NIethod
If h as been reported 9' that g lass a nd silicates, as well as graphi te and coal are decomposed by heating with strong phosphoric acid at th e presence of oxidizing agent to the point of the appeara nce of dense white fumes . Th e present analytical method utilized the decomposing power of strong phosphoric acid to dissolve stable boron precipitates in steel. The present method, moreover, in the process of forming the meth ylene blu e boron-fluoride complex, made the coexisting hydroOuoric acid (by th e addition of ferric phosphate) insensitive to the dichloroethane extraction. As a result, the water rinsing process of the extract was eliminated a nd the distortion of the calibration curve was red u ced .
The results of the present method in comparison with the ordinary one are shown in Table 2 . The results on com merci a l stee ls by the present and the ordinary m ethod agree well with each other, while on ex perim ental steels the present method gives omewh at high er results than the ordin ary one. The cau se is discussed later in this paper. 
IV. Results and Discussion
The Variation between Soluble and Insolble Boron Content
A substantial portion of the content of the insoluble boron has been believed to be in the form of the nitride BN and the nitride has been assumed to be stable ~o a;id dissolution . In fact, the ordinary me-thodS) directs us, on this basis, to decompose the specimen with sulfuri c acid, to filter the solution through a No. 5C filter paper and to determine the soluble and the insoluble boron content respectively.
In the present study, however, some portion of the insoluble boron content was found to become soluble depending on temperature and time of dissolution, and the size of the precipitates in steel, as shown in Table 3 . The results suggest that the milder the method of the dissolution , the higher the content of insoluble boron .
The Loss in the Filtering Process
The total boron content obtained by the present method was compared with that obtained by dissolving with sulfuric acid at 60°C, followed by determining of the soluble and insoluble boron content, then taking the sum of the two figures . The results as given in Tables 2 and 4 indicate substantial differences between the two methods for the experimental steels, but insignificant differences for the commercial steels. The differences can be explained by the fact that substantial portion of the boron-nitride found in the residue of the experimental steels consists of very fine particles (smaller than 0.2 fl, as shown evidently by the electron microscopic observations given in the following section), i.e. , some portion of boron will escape through a No. 5C filter paper without increasing apparent boron content in the filtrate . On the basis of these results, the re- cover y of th e insoluble boron by vario us filters were ex a mined to asce rtain wheth er or n o t the fin e in solubl e precipitates do actually p ass through th e filter. R eferring to the results shown in T a ble 5, it is evident th a t with the experimental steels m a rked difference in th e recovery of the insoluble boron precipita tes was observed dep ending on the type a nd the pore size of the filter u sed. Not only No . 5C filter pap er with filter pulp, which is ordinarily employed, but also Nuclepore filter with the addition of graphite carbon to the filtering solution was incap a ble of completely recovering all the fine precipita tes in the experimental steels.
Identification of the Residue E xtracted f rom the Specimens
Boron in steel is believed to exist in the form of solid solution as well as in the form of nitride, carbide and oxid e. Carbide con taining boron has been rep orted 10 ) to be in the form of F ea(B, C) or F e2a(B, C)s. When steel is austenitized a t high temperatures a nd kept at the temperatures for a long time, precipita tes of boron , which a re called " boron constitu ent ", a re o bserved along th e grain bound ary of th e a ustenite a nd a re cla im ed l l ) to be boro-cem entite. Boron-nitride h as bee n widely identified 7 ,12) a nd boron-oxid e was reported 13 ) to b e in such a form as F eaB06.
In th e presen t stud y, the residu e extracted from the sp ecimens was examined by m eans of an X-ray diffractometer a nd a n electron mi croscope. By X-ray diffraction a nalysis th e boron-nitride, BN, was identi- specimen Fe-B (Fi g. I). N either boron-oxide, FeaB06, nor boro n-carbide, Fea(B, C) or Fe2a(B, C)6 was id entified in this X-ray a na lysis. The content of the boron-oxid e or the boron-containing carbid e in the residue w as assumed to b e too small to be identified by diffractom etry. According to electron microscopic observatio n (Photo. I ), boron-nitrid e, BN, was id entified in the residue extracted from th e specimen s Fe-B-N (1 ), Fe-B-N (2), Fe-B-O , F-4 a nd F -5. Boron-nitride in the extracted residue was spherical or la m ella r in form a nd generally sm alle r tha n 0.2 p.m .
In th e residue fro m the specimen s Fe-B a nd F e-B-O in which boro n-oxide was not identified, b y Xray diffraction a n a lysis, boron-ox ide, FeaB06, was identified by an electron microscope. In the li gh t of the fact that boron-nitride is the p red ominant sp ecies in th e residue a nd is of very fine size, the selection of th e fil ter with appropriate pore size i s very impor tan t for quantitative a n a lysis.
ChemicaL Behavior of B oron Precip itates under Vario us Extraction Conditions
In o rd er to ex tract boron p recipi tates from the steel sp ecimens, several dissolutio n m ethods which h ave been widely u sed for the extraction of second phases in steel were exa mined. T h e compa rison of the results thus ob tain ed is shown in T a ble 6.
(1 ) With regard to the specimen Fe-B, a la rge a m ount of Fe2B a nd a sm all am o unt of Fe3B06 were iden tified in the residue as shown in I V. 3 (cf. Fig . I and Photo I ). Iron-boride, Fe2B, w as soluble in a n oxidizing solutio n su ch as iodine-m ethanol and was p a r tially soluble in sulfuric ac id esp ecially in the case of th e sm allest p articles. The insoluble boron content of the specimen F e-B (extracted b y electrolysis) corresp onds la rgely to Fe2B, while th e content obtained by sulfuri c acid dissolu tion or iodine-m eth a nol d issolution corresponds to Fe2B, compa ra tively large in size, or Fe3B06, resp ectively.
(2) For the sp ecimens Fe-B-C a nd W , in addition to the above m entioned Fe-B, there was som e differen ce in the a m ount of insoluble boron extracted by th e electrolysis as compared to tha t obtained b y the iodine-metha n ol dissolution. The differen ce is considered to corresp ond to the substitutional boron in cem en tite on the b a sis of the addition a l experimenta l r esults (T able 8) as well as the fact tha t cem entite in steel is decomposed wi th iodine-m ethanol.
(3) In compa rison with the iodine-m etha nol di ssolu tion , the dissolution with sulfuric acid or cold nitric acid yielded lower contents of insoluble boron except for the sp ecimen Fe-B. The difference was due to the loss in the filtering process a nd to the partial dissolution of fine precipitates as shown in T a bles 4 and 5. The differen ce was m arked whe n the sample was dissolved with sulfuric acid. This was p articularly so fo r the specimen in which (i ) the boron precipita tes were fine in size a nd (ii ) other precipitates and inclusions were absent.
It was also shown th a t filtering through a N o . 5C filter with filter pulp would not completely recover C 542 ) Transactions ISIJ, Vol. 16, 1976 .. the insoluble boron precipitates from the solution of the specimens mentioned above. The electrolysis or the iodine-methanol dissolution, on the other hand, was capable of extracting even a small amount of fine preCipitateS. In addition, the iodine-methanol dissolution decomposed cementite in the specimens, yielding fine carbon particles which were effective in collecting the other fine precipitates.
Determination of the Nitrogen Content of the Extracted
Residu e The n itrogen content of th e extracted residue was Research Article determined to examine the difference in the insol uble boron content shown in Table 6 . The observed content was compared with the calculated one ( *) which was obtained from the boron content, as given on the assumption that all of the insoluble boron content consisted of B , the nitrogen content in which was determined by the fusion of the residue with sodium-hydroxide followed by a photometry using Nessler's reagent Cfab le 7).
(1) In the electrolytic-extracted residue from the specimens Fe-B-C and W for w h ich N was smaller than N* , the insoluble boron was considered, with reference to the results of the X-ray diffraction analysis and the magnetic separation de cribed later, to exist in cementi tes as well as in the form of BN.
(2) The specimens, for which N was larger than N*, were considered to contain, wi th reference to the results of the X -ray diffraction analysis and the magnetic separation as well as the composition of the specimens (Tab le I ), titanium-, iron-and boronni tride in the residue.
(3) A comparison of the su lfuric acid dissolution with the iodine-methanol dissolution for the specimens Fe-B-C and Fe-B-O , in which N was nearly equal to N*, shows that a part of BN was lost during the sulfuric acid dissolution and filtering which fo llowed.
The Extraction of Boron-nitride
Taking account of the fact that (i) the boron content of the residue from the specimen H , extracted by either the iodine-methanol dis olution or the electrolysis, was nearl y equ a l to the total boron content, (ii) the nitrogen content of the residue from the specimen Fe-B-N (1) extracted in the same way was nearly equal to the total ni trogen content, and (ii i) the boron nitride was identified in the residue by the X-ray diffraction analysis and the electron microscopic ob ervation, it is believed that B was quantitatively recovered by the two methods.
The D etermination of the Content of Boron and Nitrogen in the R esidue Extracted by Electrolysis and Separated Magnetically
The electrolytically-extracted residue of the specim ens in which the determ ined nitrogen content was no t eq ual to the calculated one, was magnetically separated into a magnetic portion a nd a nonmagnetic one, a nd both portions were analysed for nitrogen and boron content. For magnetic separation, the residue was disper ed in methanol medium and separated und er a magnetic field of 5 500 G. The re ults of the a nalysis are shown in Table 8 .
( 1) Wi th the specimens Fe-B-C and W , some amo unt of boron was determined in th e magnetic portion of the residue, whi le no nitrogen was determined. The e observations did not agree fully with the fact that (i) the peaks of on ly cementi te were detectcd by X-ray diffraction analys is, (i i ) the change of the lattice con tant of cementite caused by the substitution of boron for carbon in cemen tite was not appreciable, a nd (i ii ) the peaks which corresponded Transactions ISIJ, Vol. 16, 1976 ( 543 ) to Fe23( , B)s were not detected. Nevertheless, the boron conte n t in the magnetic portion was reasonably ass umed to correspond to boron in iron carbide on the basis of the analytical resu lts .
(2) With the specim ens Fe-B-N (1), Fe-B-O a nd H , some amo unt of nitrogen was determined in the magnetic portion of the residue, while no amount of boron was determined. Consid ering the composition of the sp ecimens, the magnetic-nitride was regarded to be iron-nitride.
(3) With regard to the nonmagnetic portion of the residue, the ratio of the content of boron to that of nitrogen for the specimens W , Fe-B-C, and Fe-B-N (1) agreed well with the ratio for B , while the ratio for the sp ecimens Fe-B-O a nd H did not. This disagreem ent was due to the presence of boron-oxide in the specimen Fe-B-O and of titanium-ni tride in the specimen H .
V. Conclusion
(1) The conventional dissolution method with sulfuric ac id which has hitherto been commonl y employed was found to yield erro neo usly low values for both the insoluble boron content and the total boron content. Th is was due to th e fact that the insoluble boron precipi tates were dissolved to a varying extent depending on the size a nd the form of the sp ecimen, the temperature a nd the length of time of the dissolution, a nd to the fact that the insoluble boron precipitates were so small that they escaped through a o. 5C filter containing pulp paper. In contrast, the dissolution with strong p hosphoric acid adopted in the present study was found to yield a more accurate valu e for the content of total boron.
(2) For the determi natio n of the content of" ineffective boron ", a n electrolytic dissolution with sod ium-citrate solu tion was fo und to be the most appropriate. For the ex traction of boron precipitates from commercial steel, the iodine-methanol dissolution was found to be the m ost accurate and the most practical o n acco unt of the ease of operation . Therefore , the content of " effective boron" was successfully determined by the deduction of the insoluble boron conte nt, which was obtai ned by the iodinemethanol dissolu tion, from the total boron con te nt obtain ed by the strong phosphoric acid dissolu tion.
(3) By means of X-ray diffraction a n a lysis a nd electron microscopic observation, boron-nitride, BN, boron -oxid e, FeaBOs, and iron-boride, Fe2B, in residue were identified , a nd boron-n itride was confirmed as the major component of the insolu ble boron.
(4) Wi th reference to th e a na lytical results of boron a nd nitrogen in the m agnetic portion of the residue, som e amount of boron was estimated to exist in the form Fe3(C, B).
